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The localization length for the center of mass motion of a matter lump, 

o _ 

■ induced by gravitation, is obtained, without using any phenomenological con- 
• stants. Its dependence from mass and volume is consistent both with unitary 

00 ■ 

■ evolution of microscopic particles and with the classical behavior of macro- 

O 

o 
o 

■ surements, the transition between the two regimes being rather sharp. The 



scopic bodies required to account for wave function collapse in quantum mea- 



^ ■ gravitational interaction of nonrelativistic matter is modelled by a Yukawa 

■ Hamiltonian with vanishing pion mass, no gravitational background is needed 

^ : 

^ and the only hypothesis consists in assuming unentanglement between matter 



and the Yukawa field. 
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Reconciling gravitation and microphysics [|I|] has been one of the fundamental open the- 
oretical problems since the birth of Quantum Mechanics (QM) even more challenging 
after the renormalization of electrodynamics by Feynman, Tomonaga, and Schwinger [Q. 
On the other hand, according to several authors P-^, the conventional interpretation of 
QM is not completely satisfactory due to the dualistic description it gives for measurement 
processes and for time evolution of isolated microscopic systems. 

A possible link between these two issues has been suggested on several grounds PHlI 



However, if we accept that the solution of the measurement problem in QM, which is central 
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to its experimental relevance, should be derived from a consistent unified theory including 
QM and gravity, which on the other hand, apart from possible astrophysical and cosmological 
implications, is hardly expected to have any direct experimental evidence, we run the risk 
of abandoning a well established and rewarding scientific paradigm. We may be lured to 
admit that, in order to build a consistent atomic, molecular and condensed matter physics, 
we need a detailed knowledge of the physics at the Planck scale, while one would expect that 
the remnants of such faraway lengths and energies in everyday physics could be collected 
in some constants, which, in a phenomenological theory at low energies, should be fitted 
experimentally. 

Within a phenomenological approach some authors introduced classical stochastic 
external elements in order to produce the wave function collapse. In that context, in order 
to fit the experimental evidence for unitary evolution of sufficiently small systems and for 
localization of macroscopic bodies, a localization length and a time constant are usually 
fixed as phenomenological constants. 

As to the link between collapse models and gravitation, two alternative attitudes are 
conceivable. 

One can just use gravitation as little more than an alibi, supported for instance by the 
consideration that internal excitations of atomic systems induced by the interaction with 
an external stochastic field are minimized, and made largely compatible with the existing 



experimental upper bounds, if the coupling is proportional to the particle mass [|1^]. This is 
intuitively evident, since in such a case for long enough wavelengths of the stochastic field 
the main coupling is to the center of mass of the atomic system. 

An alternative option consists in starting from gravitation in order to look for quantita- 
tive characterizations of the localization process |T0|,|TT|,[15|,|T6[ . From this viewpoint, even if 



one maintains that the Copenhagen formulation of QM, at most supplemented by a multi- 
world interpretation p!3|JI^ , is essentially complete, and appeals to the environment-induced 
decoherence program only |T^,[TB|, to account for the localization of macroscopic bodies, one 



should at least consider the gravitational field as included in the environment. 



In this paper we choose the latter option, without addressing the search for a theory of 
everything |p!9| , p0| , but on the contrary hmiting our ambitions and looking for quantitative 
results on gravitationally induced localization of nonrelativistic matter. To be specific we 
are going to focus on two fundamental questions: 

1) Is the gravitational field vacuum able to localize matter lumps without the need for a 
gravitational background of cosmological origin? 

2) Is the transition to classical behavior, induced by localization, smooth or sharp? 

As a result we will find an expression for the mass and volume dependent localization 
length in the absence of such a background and corresponding to a rather sharp transition. 

A peculiarity of our result consists, at variance with current collapse models, in a sub- 
stantial ineffectiveness of the gravitational vacuum in localizing microscopic particles inde- 
pendently from how long we wait. This avoids the need of fixing a large time constant like 
other authors are forced to do, to limit unwanted localization of microscopic particles. 
On the contrary we get a rather sharp transition to an extremely effective localization of 
macroscopic lumps of condensed matter at around 10^'^ proton masses, this conferring a 
classical character to the center of mass motion of macroscopic bodies. 

Our main hypothesis stems from the need of reconciling two apparently conflicting re- 
quirements. On one side the assumption of a wave function collapse induced by the gravi- 
tational field requires its classical character. On the other hand our intention of treating it 
dynamically and not just as an external noise forces us, for consistency with the quantum 
nature of matter, to quantize it. On different grounds such paradoxical conditions are re- 
flected in Feynman's words "...maybe nature is trying to tell us something here, maybe we 
should not try to quantize gravity" |^ within his lectures on gravitation. Our proposed 
way out of this puzzle consists in assuming that the hidden physics of a consistent unified 
theory is continuously collapsing the entanglement between the matter and the pion field. 

To be specific consider nonrelativistic particles of mass m whose interaction Hamiltonian 
with a scalar gravitational potential is given by 
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Hi [n(k)] = mVATTchG J dk^^ [a(k) + a^(-k)] = mcVA^ j cixV't(x)V>(x)0(x), (1) 

where n(k) is the Fourier transform of the product '?/'^(x)^/'(x) (where sum over spin indices 
is imphed) of the matter field creation and annihilation operators, a^(k) and a(k) are the 
creation and annihilation operators of the corresponding mode of the scalar potential, h and 
G the Planck and the gravitational constants. The total Hamiltonian is taken to be the sum 
of Hi, of the matter Hamiltonian, and of 

Hg = cH j dkkd^(k)d(k), (2) 
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this making our model the analog, for vanishing pion mass, of the Yukawa low energy theory 
of nuclear interactions p2|, by which the scalar particles associated with the field will be 



referred to as (gravitational) pions. 

Of course one could obtain this nonrelativistic model starting from general relativity, 
keeping just the conformal excitations of a flat vacuum ||2^ and then linearizing and quantiz- 



ing the corresponding Hamiltonian. We prefer to keep the analysis completely independent 
from Einstein equations of the gravitational field, which presumably are only the large scale 
manifestation of a fundamental theory that may be well out of reach. Furthermore, whereas 
we are not able to quantize the Einstein version of the gravitational field, this quantum 
model reproduces the 1/r interaction potential as the limit of the Yukawa potential for van- 
ishing pion mass and can then be considered as a low energy effective model for gravitation. 
As a consequence we consider this model more likely of having a direct quantum relevance. 

While our procedure reminds nonrelativistic electrodynamics, a substantial difference is 
to be kept in mind. For electrodynamics a quantization of the Coulomb field alone is not 
viable, since a scalar Yukawa-like theory can only produce attraction between like parti- 
cles. Then, when in nonrelativistic classical electrodynamics one fixes the Coulomb gauge, 
the Coulomb interaction is separated from the radiation field and inserted into the matter 
Hamiltonian so that, if one confines his attention to Coulomb interaction, only the matter 
degrees of freedom are left. On the contrary here pion degrees of freedom are explicitly 



responsible for the 1/r law. 

To be specific, if one for simplicity replaces n(k) in Eq. (|I|) with the expression, 1 + 
exp[zk • r], corresponding to two classical point sources respectively in the origin and in the 
point r, one finds that, while of course the ground state energy of the (f) field in the presence 
of these sources diverges due to their singular character, its gradient is well defined and gives 
the expected force law. If the two masses are left free to move, then the kinetic energy 
they acquire in falling towards the common center of mass is balanced by the decrease of 
the ground state energy of the coherent pion cloud. 

This simple exercise gives a relevant clue to answer the first aforementioned fundamental 
question. At first sight the answer is in the negative since obviously some energy is needed 
to locahze matter and it is precisely this energetic effect to be considered one of the possible 



experimental evidences of fundamental localization processes ||T2[. On the other hand, if one 
considers that the vacuum is not the ground state in the presence of matter, one has to 
assume that the coherent pion cloud corresponding to the ground state depends on the 
matter state. Then the localization process is accompanied by the rearrangement of the 
ground state, which is here too the source of the incremental particle kinetic energy. 

Let's begin by evaluating the gravitational ground state energy in the presence of the A^- 
particle matter state |\E') corresponding for computational simplicity to an isotropic Gaussian 
mass density of dispersion A: 

p(x) =m m m = {IpT^ ^ -^(k) - ^ / ^-^-""■'^ = ^l^- 

(3) 

In order to do that we observe that the product state |\E') ® I'^a)^ is the dressed matter 
state with the pion cloud in its ground state, namely it is the minimum energy state for 
Hg + Hj[nx{\<-)] with a fixed particle factor |\E') , if 1^^)^, is the coherent state 



I^a)^, = exp 



exp 



AtiG 

m 



ch 

where |0) ^ denotes the pion vacuum. This immediately follows from the expression 



|0),, (4) 



Hg + Hj[nx{k)] = cnj dkkb\k)b{k) + Eo{\), (5) 



where 



W.a(k) + »;i^!^ (6) 

and the pion ground state energy is given by 

Eo(A) = -Anm'G J ^ |n,(k)|^ = -AttG^. (7) 

Assume now that we have an isolated matter lump and that its wave function is the 
product of a wave function of the center of mass x 



exp 



CM 



,.2 



*A'(x) = 3/ (8) 



(27r)3/4A'3/2 

with Gaussian squared modulus of dispersion A', and the wave function of some station- 
ary inner state, whose particle density, for computational simplicity, is approximated by a 
Gaussian of dispersion Aq. Then, ignoring correlations, the corresponding mass density has 
dispersion X—^yXl + X'^. 

The total energy of the system including the matter lump and its pion cloud is the sum 
of the pion ground state energy and the matter kinetic energy 

Et{X') = Eoi^Xl + A'2) -—J cM*A'(x)V^M*A'(x)dx = - y^f^ + ^mV^^ ^ ^ ^"^^ 

(9) 



The A' value for which Et{X!) attains its minimum is the maximum localization length, 
since less localized states are unstable with respect to conversion of pion field energy into 
kinetic energy, just like the two point masses mentioned above. 

The crucial equation is then 

-^M>^) = =^ (Ag + A'2)' = ^-^^G^h-'M')^\ (10) 
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and, to be specific, we can chose a typical mass density value corresponding to condensed 
matter M/Aq = lO'^'^nip/ cm^ , where nip denotes the proton mass, so that Eq. ( [T0| ) becomes 

(10- V^'cm^ + = ^^G^h~^myX'\ /x = M/nip. (11) 

9 

This equation gives 

A' ~ 4.23 ■ lO^V^cm if fx < 10^ A' ~ Mfx-^/^cm if fi> 10^°, (12) 

which shows that around M lO^^mp there is a rather sharp transition to classical behavior. 

This result implies that the localization due to the gravitational vacuum is microscop- 
ically irrelevant even at molecular level, while it accounts for localization of macroscopic 
bodies and in particular for the collapse of the pointer states in quantum measurement 
theory. Apart from accounting for this elusive feature of QM, this localization length 
could have relevant physical consequences at mesoscopic level, where a localization length 
A' ~ 10~^cm is comparable with the dimensions of a corresponding lump of condensed 
matter with m ~ 10^°mp. 

We can conclude that, within the present nonrelativistic setting and with the only hy- 
pothesis of unentanglement between matter and the pion field, it is proven that gravitation 
accounts for wave function collapse without assuming a gravitational background of cosmo- 
logical origin. Of course this does not rule out that the effects of such a background, which 
may depend on the particular space-time region, should be added to the more fundamental 
ones proposed here. Furthermore one should remark that, while environment induced deco- 
herence, without including gravitational effects, if not properly controlled, may overshadow 
gravitational localization, it can only account for the entanglement between measured sys- 
tems and pointer states, but not for the final collapse of the entangled state. 

Finally one should observe that the expression for Eq{X) could have been obtained more 
naively even without quantizing the pion field. We chose to put the classical agent outside 



the considered model. Of course the final result only shifts the "Heisenberg cut" El] to a 



consistent unified theory outside the scope of the present letter. However we are encouraged 



in this attempt by Feynman's words "People say to me, 'Are you looking for the ultimate 
laws of physics?' No, I'm not." [p^ 
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